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ABSTRACT 
 The Narragansett Basin of Massachusetts and Rhode Island is a Carboniferous 
terrestrial basin and is the only location within New England that preserves fossil 
evidence of early amphibians and reptilomorphs.  Footprints and trackways constitute the 
only record of these early tetrapods, but deformation during the Alleghanian orogeny has 
distorted the traces.  To improve identification, description, and comparison with non-
distorted material, tracks from Plainville, Massachusetts were retrodeformed using 
raindrop imprints as strain markers. 
 The axial ratios of 354 raindrop imprints found on 12 slabs were analyzed using 
the Rf/Φ technique.  Strain ratios for slabs ranged from 1.33 to 1.93, with individual 
raindrop imprints ranging from 1.14 to 2.51.  Although weakly expressed, cleavage 
exhibits an anastomosing characteristic and is visible on bedding surfaces in the form of a 
bedding-cleavage intersection lineation.  The fluctuation of the bedding-cleavage 
intersection lineation varies between 10° and 33° among the raindrop-imprint—bearing 
slabs.  This fluctuation is strongly correlated to the strain ratio of a slab, and this 
correlation was used to obtain strain ratios for slabs lacking raindrop imprints.   
 Vertebrate tracks appeared less distorted following retrodeformation, and the 
accuracy of the methods was successfully tested by retrodeforming insect traces that were 
originally bilaterally symmetrical.  Deformed raindrop imprints and bedding-cleavage 
intersection lineation provide a useful new way of retrodeforming fossils, as well as a 
more complete understanding of the fossil record of early tetrapods in New England. 
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INTRODUCTION 
 The appearance of fully terrestrial animals marks a major event in vertebrate 
evolution.  Evidence for the existence of early amphibians and reptilomorphs, the group 
of animals that gave rise to all modern amniotes, comes from skeletal remains found in 
Carboniferous rocks from around the world (Caroll, 1988).  However, in New England, 
the only record of these early tetrapods consists of footprints and trackways preserved in 
sedimentary rocks of the Narragansett Basin (Woodworth, 1900; Lull, 1920; Willard and 
Cleaves, 1929).	  	  Although these trace fossils are relatively common, they have been 
tectonically deformed and require retrodeformation in order to be properly described, 
identified and compared with non-distorted material collected elsewhere.  
Retrodeformation of fossils requires an estimate of the strain undergone by the 
host rock.  Many body fossils serve as excellent strain markers and as such have been 
used in the development of various strain analysis techniques (Hills and Thomas, 1944; 
Breddin, 1956; Wellman, 1962; Sdzuy, 1966; Tan, 1973).  These fossil-based methods 
compute strain ellipses—two-dimensional representations of relative changes in length in 
a plane—based on distortions of various morphological features such as radial symmetry, 
bilateral symmetry, perpendicular and non-perpendicular angles, logarithmic spiraling 
and known dimensions (Hills and Thomas, 1944; Breddin, 1956; Wellman, 1962; Sdzuy, 
1966; Tan, 1973; Ramsay and Huber, 1983; Cooper, 1990).  Knowledge of a fossil’s 
morphology prior to deformation is critical in its use for strain analysis.  
Although measurements of deformed fossils have been useful in strain analysis, 
the process of restoring fossils to their original shapes can be difficult (Mallison, 2011).  
Lake (1943) developed the first method to restore fossils using trigonometry to produce 
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undistorted trilobite proportions followed by three stages of photography to create a 
retrodeformed image.  Many retrodeformation studies have been performed using various 
techniques in mathematics, photography and photoreproduction (Bambach, 1973; Hughes 
and Jell, 1992; Rushton and Smith, 1993; Wood et al., 2003; Bamforth et al., 2008), and 
some programs have been developed to aid in the retrodeformation process (Zollikofer, 
2005; Srivastava and Shah, 2006).  These retrodeformation techniques and studies rely on 
symmetry and known angles that characterized the original, undistorted body fossils.  
 In contrast with body fossils, many trace fossils lack true symmetry, making their 
restoration especially problematic and understudied.  However, independent strain 
markers found in association with trace fossils can be useful in restoring the traces to 
their original forms.  For example, Silvestri (1991) retrodeformed Mesozoic theropod 
tracks from the Newark Basin in New York and New Jersey, U.S.A., by restoring 
associated mudcracks to their original equant shapes.  
In this paper, we investigate deformed Carboniferous raindrop imprints and trace 
fossils found in the northern domain of the Narragansett Basin.  The primary purposes of 
this study are to quantify the amount of strain in this portion of the Narragansett Basin 
using deformed raindrop imprints and to use these strain data to retrodeform associated 
tetrapod tracks.  Another important goal of this study is to develop a technique to 
retrodeform tetrapod tracks that are not found in association with deformed raindrop 
imprints.  This has been accomplished by using a correlation that exists between strain 
magnitude and fluctuation of the bedding-cleavage intersection lineation, and has been 
tested by retrodeforming archaeognathan traces that were presumably bilaterally 
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symmetric prior to deformation. We present here a case study of deformed raindrop 
imprints and their use in the retrodeformation of Carboniferous trace fossils. 
  
GEOLOGICAL SETTING 
The Carboniferous-aged Narragansett Basin is a terrestrial basin located in Rhode 
Island and Massachusetts, U.S.A. (Shaler et al., 1899).  It has been interpreted as a pull-
apart basin that formed as a result of sinistral motion between Avalonia and Laurentia 
(Mosher, 1983) or as a foreland basin that developed in association with late Paleozoic 
southeast-vergent thrust faulting in south-central New England (Wintsch et al., 1986, 
Wintsch et al., 2012).  Formation of the basin was thought to have initiated during the 
Pennsylvanian (Shaler et al., 1899; Towe, 1959; Quinn et al., 1962; Skehan et al., 1979; 
Mosher, 1983), but recent radiometric dating suggests that the basin started forming in 
the Late Devonian (Thompson et al., 2003).  Sedimentary rocks in the basin consist of 
conglomerates, sandstones, siltstones, shales and coal sequences, and are interpreted to 
have been deposited in an alluvial fan system with meandering streams and floodplains 
coupled with low-energy interchannels and swamp areas (Towe, 1959).  
Extensive deformation occurred in eastern North America as a result of the late 
Paleozoic collision between Laurentia and Gondwana (Hatcher, 2010).  Alleghanian 
deformation can be seen throughout the Narragansett Basin, but the intensity of 
deformation and metamorphic grade increase from northeast to southwest (Skehan et al., 
1979; Mosher, 1983; Murray et al., 2004).  As a result, the Narragansett Basin is divided 
into two domains (Mosher, 1983; Murray et al. 2004).  The more intensely deformed 
southern domain ranges from chlorite- to sillimanite- and kyanite-grade rocks and records 
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at least four phases of late Paleozoic deformation.  The mildly deformed northern domain 
records only the first phase of deformation.  Because of its complicated deformational 
history and abundant coastal exposures, extensive work has been conducted in the 
southern domain of the basin (Mosher, 1983; Mosher, 1984; Murray et al. 2004; Rich, 
2006).  Much less data have been collected regarding the deformation in the generally 
poorly exposed northern domain (Shaler et al., 1899; Lyons, 1977).   
The northern domain of the Narragansett Basin is characterized by northeast- to 
east-northeast-trending folds that plunge gently to the southwest and northeast, and by a 
moderately to steeply northwest-dipping cleavage (Lyons et al., 1976; Lyons, 1977; 
Skehan et al., 1979; Mosher, 1983).  Cleavage is commonly parallel to the fold axes and 
developed in association with folding of the strata (Lyons, 1977; Skehan et al., 1979). 
Thrust faults and normal faults are recognized and border faults may be present, although 
evidence for such structures is poor (Lyons, 1977; Skehan et al., 1979).  Based on 
mineral assemblages and coal rank, the northern domain of the basin experienced low-
grade metamorphism and consists of subgreenschist-facies rocks (Skehan et al., 1979; 
Murray et al., 2004; Kirkwood, 2006).  
 
RAINDROP IMPRINTS 
Raindrop Imprints in the Geologic Record 
 The interpretation of crater-like structures preserved in sedimentary rocks as 
raindrop imprints is controversial.  Pit-like depressions were first described as raindrop 
imprints by Cunningham (1839), but similar structures can also be explained by drips, 
hail, splash or spray falling onto sediment, or by gas escape bubbles rising out of the 
	   5	  
sediment (Twenhofel, 1921).  Some have argued that these structures cannot be attributed 
to the falling of rain because they are not found on coarse-grained sediments and because 
they do not fully cover a bedding plane (Buckland, 1842; Twenhofel, 1921; Moussa, 
1974).  Studies show, however, that the preservation of raindrop imprints depends on the 
cohesiveness and plasticity of the sediment (Moussa, 1974; Metz, 1981; Rindsberg, 
2005), and, as a result, raindrop imprints are not preserved in coarse-grained sediments or 
when the sediment is too soft or too hard.  Furthermore, raindrop imprints typically form 
during a light rain (Rindsberg, 2005), so they do not fully cover a bedding surface and are 
typically only found randomly scattered on the bedding surfaces of fine-grained 
sediments (Clark, 1979; Metz, 1981; Rindsberg, 2005).  Other common characteristics of 
raindrop imprints are their association with mudcracks (Rindsberg, 2005; Boggs, 2011), 
and since raindrops fall at random, the overlapping of craters (Rindsberg, 2005; Boggs, 
2011).  Not all structures that resemble raindrop imprints are created by the impact of 
rain, but given the proper conditions, raindrop imprints can be preserved in the geologic 
record (Cunningham, 1839; Lyell, 1851; Hitchcock, 1858; Clark, 1979; Metz, 1981).  
 Raindrop imprints are crater-like pits with slightly raised rims (Boggs, 2011).  
These craters can be shallow depressions or complete hemispheres, depending on the 
cohesiveness and plasticity of the sediment and the velocity of the raindrop upon impact 
(Ghadiri, 2003; Katsuragi, 2010).  Raindrop imprints are generally a few millimeters 
deep and less than 10 millimeters in diameter (Boggs, 2011) but can be as wide as 15 
millimeters in diameter (Rindsberg, 2005).  Although most raindrop imprints are 
described as circular, obliquely striking rain caused by strong winds can produce 
elliptical raindrop imprints (Hitchcock, 1858; Lahee, 1941; Hladil, 1993). These 
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structures are interpreted as being elongate in the direction of the wind (Hitchcock, 1858) 
and can be associated with ejecta and other microstructures within or near the crater 
(Hladil, 1993).  Despite the existence of elliptical raindrop imprints, there is a wide range 
where the angle of impact still gives rise to a circular crater (Lahee, 1941).  In the 
absence of a strong wind, raindrop imprints are small, circular craters with raised rims.  
 
Raindrop Imprints as Strain Markers 
 Deformed raindrop imprints appear to be relatively uncommon in the geologic 
record and have generally been overlooked as strain markers.  A key advantage of 
raindrop imprints is their lack of ductility contrast with the host rock.  Commonly, objects 
enclosed in rocks are composed of a different material than the surrounding rock, and the 
resulting ductility contrast causes the strain markers and host rock to deform differently 
(Lisle et al., 1983).  Since raindrop imprints are craters, they have the same composition 
as the host rock and are passive strain markers that record the amount of deformation 
experienced by the host rock.  Raindrop imprints are preserved on bedding surfaces, so 
they are not capable of recording strain in three dimensions.  However, investigating the 
deformation on bedding is advantageous because of the absence of compaction-related 
strain.  The compaction of sediment during diagenesis would affect the depths of raindrop 
imprints and trackways, but would not change their initial shapes.  
 Several methods have been previously used to determine the amount of strain 
recorded by raindrop imprints (Abdeen et al., 1997; Sans et al., 2003). In a case study of 
strained rocks preserved in the Arabian Desert, Egypt, Abdeen et al. (1997) analyzed 
deformed raindrop imprints using a strain analysis technique for initially circular objects 
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(Ramsay, 1967, p. 193).  To quantify the amount of strain on the bedding surface, the 
raindrop imprints were represented on a graph of long axis length versus the associated 
short axis length, and the slope of the line of best fit to the raindrop imprint data was used 
to determine the strain ratio for the bedding plane.  Because this technique assumes 
initially circular raindrop imprints and homogeneous strain, it does not take into 
consideration the orientation of the raindrop imprints.  
 In contrast, Sans et al. (2003) used the Rf/Φ technique to analyze deformed 
raindrop imprints in their analysis of deformation above and below a detachment in the 
frontal Southern Pyrenees.  The Rf/Φ technique is a common method for analyzing 
initially elliptical strain markers (Dunnet, 1969; Dunnet and Siddans, 1972; Ramsay and 
Huber, 1983; Lisle, 1985).  Determination of the finite strain from initially non-circular 
strain markers takes into consideration four factors: the initial shapes and orientations of 
the marker being analyzed and the magnitude and orientation of the strain that has been 
superimposed (Ramsay and Huber, 1983).  The Rf/Φ technique calculates the finite strain 
on a plane by evaluating the variability of the axial ratios and orientations of the elliptical 
objects and uses standard curves to identify populations of strain markers that had the 
same initial axial ratio.  This technique assumes homogeneous strain, but because it also 
assumes initially elliptical objects, the Rf/Φ technique does take into consideration the 
orientation of the strain markers.   
  
MATERIALS 
Specimens were collected from a quarry in Plainville, Massachusetts, located 
within the northern domain of the Narragansett Basin near the border between Rhode 
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Island and Massachusetts (Fig.1).  The quarry cuts through the Westphalian-aged Rhode 
Island Formation of the Narragansett Bay Group and exposes subgreenschist-facies coal, 
shale, mudstone and sandstone (Lyons et al., 1976).   
 The slabs bearing the trace fossils and raindrop imprints consist of dark gray 
shales and mudstones with rusty-colored weathering and in many cases, resemble 
strained mudcracks.  A cleavage is present, and on bedding surfaces, the intersection of 
cleavage is visible as an intersection lineation.  Raindrop imprints and trace fossils are 
preserved on the slabs as both natural casts and molds.  
 
Raindrop Imprints 
 Raindrop imprints have been previously observed at several locations within the 
Narragansett Basin (Shaler et al., 1899; Willard et al., 1930; Stanley, 1968; Skehan et al., 
1979).  The raindrop imprints analyzed in this study are elliptical craters that lack ejecta 
or other microstructures.  The raindrop imprints have well-defined rims and are elongate 
in the same general direction.  Where raindrop imprints are preserved as natural molds, 
they form small depressions on the bedding surface.  Where natural casts are preserved, 
the raindrop imprints form slightly raised dome structures.  Although most craters are 
shallow, some penetrate deeper into the sediment.  The long axes of the raindrop imprints 
are 1.0 – 11.5 mm in length, with most between 2.0 – 9.0 mm.  The short axes are 0.8 – 
7.5 mm in length, with most between 1.5 – 6.0 mm.  Several larger craters are 
approximately double the size of the typical raindrop imprints and are interpreted as drip 
marks from water falling off leaves.  
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FIGURE 1 − Geologic setting. A) Map of Narragansett Basin in southern New England. 
B) Bedrock geology in vicinity of Plainville, Massachusetts. Open star indicates the 
quarry. C) Generalized stratigraphic column.  MA = Massachusetts; RI = Rhode Island; 
C– = Cambrian inliers; Dwv = Wamsutta volcanics; PPd = Dighton Conglomerate; PPp = 
Pondville Conglomerate; PPr = Rhode Island Formation; PPw = Wamsutta Formation. 
Figure from Getty et al. (2013). Map modified from Zen et al. (1983) and column 
modified from Skehan et al. (1979), with data from Maria and Hermes (2001) and 
Thompson and Hermes (2003). 
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Cleavage 
 Cleavage displays a wide variety of morphologies (Borradaile et al. 1982).  In 
mildly deformed sedimentary rocks, cleavage is typically weakly expressed and 
commonly exhibits an anastomosing behavior (Crook, 1964).  The Plainville specimens 
are characterized by a weak, anastomosing cleavage that developed by pressure solution.  
In thin section, this cleavage can be wispy and discontinuous, and it is commonly 
expressed by the alignment of grains.  The angle between bedding and cleavage varies 
among samples but is typically greater than 55°. 
 The expression of the bedding-cleavage intersection lineation on the bedding 
surface varies among samples.  Although some samples contain a well-developed 
intersection lineation that can be seen without a microscope, commonly the bedding-
cleavage intersection lineation is expressed as a faint, directional fabric that is difficult to 
see without magnification. 
 
STRAIN ANALYSIS OF RAINDROP IMPRINTS 
Methods  
 The deformed raindrop imprints found in the quarry were used to quantify the 
amount of strain on the bedding surfaces of the analyzed slabs.  For the strain analyses, 
the bedding-cleavage intersection lineation was used as a reference line.  The bedding-
cleavage intersection lineation is interpreted to be the Y-axis or intermediate axis of the 
strain ellipsoid (X>Y>Z) because the fold geometry and deformation history in the 
northern domain of the Narragansett Basin are relatively simple.  In samples where 
bedding and cleavage are perpendicular, bedding represents the YZ-plane of the strain 
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ellipsoid.  Where bedding and cleavage are not perpendicular, bedding is a non-principal 
plane and only the Y-direction of the strain ellipsoid can be observed on the bedding 
surface. 
 The orientation of the bedding-cleavage intersection lineation on the bedding 
surface of a slab was determined by measuring the orientation of the intersection 
lineation in small areas systematically spaced across the entire bedding surface of a slab.  
Measurements were made using a dissecting microscope. Approximately 20-25 
measurements were taken for each sample, although a greater number of orientation 
measurements were taken on large specimens.  The orientation measurements were used 
to calculate a mean orientation for the bedding-cleavage intersection lineation and to 
determine the fluctuation, or the range in orientation of the bedding-cleavage intersection 
lineation (FInt Lin) on the bedding surface.  
 The axial ratios of the raindrop imprints and their orientations relative to the 
bedding-cleavage intersection lineation were determined using ImageJ, a public domain 
image processing and analysis program developed by Rasband (1997).  Raindrop 
imprints with well-defined rims were user-traced and measured with the elliptical 
selections tool.  
 The Rf/Φ technique was used to evaluate the axial ratios and orientations of the 
raindrop imprints.  Rf represents the axial ratio of a raindrop imprint and Φ represents the 
orientation of a raindrop imprint relative to the mean orientation of the bedding-cleavage 
intersection lineation.  EllipseFit, a strain analysis program developed by Vollmer (2012), 
was used to plot the distribution of the raindrop imprints on polar Rf/Φ plots and to 
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determine the strain ratio (Rs) for the bedding surface of each slab. For the Plainville 
specimens, Rs is represented using the following equation:   
Rs = 1+e2 / 1+e, 
where 1+e2 is the stretch parallel to Y and 1+e is the stretch on the bedding surface 
perpendicular to Y.  Unlike most polar plots, the polar Rf/Φ plots have a circumference 
of 180° and a scale of 2Φ, representing twice the angle from the bedding-cleavage 
intersection lineation.  The orientations of raindrop imprints were graphed according to 
the 2Φ scale, and the axial ratios of the raindrop imprints were graphed on a logarithmic 
scale. 
 Grain size and the angle between bedding and cleavage are important in strain 
analysis, so thin sections were made from the raindrop-imprint—bearing slabs 
representing the lowest-strain, highest-strain and intermediate-strain conditions. 
 
Results 
354 raindrop imprints from 12 slabs were analyzed for this study.  Slabs ranged in 
size from approximately 3 cm x 5 cm to 14 cm x 24 cm, and each slab bore at least 15 
raindrop imprints, with some having as many as 70 raindrop imprints.  The raindrop 
imprint and bedding-cleavage intersection lineation data collected from the 12 slabs are 
shown in Figure 2. 
   The orientations of the long axes (Φ) and the axial ratios (Rf) of the raindrop 
imprints varied on each slab and among slabs (Fig. 2).  The range in orientation of the 
raindrop imprints’ long axes (FΦ) varied from 8° to 39°.   Rf values varied from 1.14 to 
2.51.  The strain ratio (Rs) of the raindrop-imprint—bearing slabs ranged from 1.33 to  
	   13	  
 
 
 
 
 
FIGURE 2 − Polar Rf/Φ plots of deformed raindrop imprints on twelve analyzed slabs 
and associated fluctuation of bedding-cleavage intersection lineation. Plots arranged from 
low strain (sample 1) to high strain (sample 12).  Associated data listed in lower left hand 
corner of each plot. Rs = strain ratio for slab; Rf = axial ratio; Φ = angle relative to mean 
bedding-cleavage intersection lineation; open circles = axial ratio and orientation of 
individual raindrop imprints; solid triangle = axial ratio and orientation of mean raindrop 
imprint; grey bar = fluctuation of bedding-cleavage intersection lineation. Polar Rf/Φ 
plots have a circumference of 180° and a scale of 2Φ, representing twice the angle from 
bedding-cleavage intersection lineation.  Rf is logarithmic and increases towards the 
circumference of plot. 
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1.93, with a mean of 1.56 for the 12 slabs.  Mean Φ is similar to the mean orientation of 
the bedding-cleavage intersection lineation, such that the raindrop imprints are elongate 
approximately parallel to the bedding-cleavage intersection lineation.  The difference 
between these two values varied between 0.35° and 9.05°, with 11 of the 12 slabs having 
an angle less than 2.7°.  The orientation of the bedding-cleavage intersection lineation 
also varied because the anastomosing characteristic of cleavage in these rocks causes the 
bedding-cleavage intersection lineation to exhibit the same behavior on the bedding 
surfaces of the slabs.  FInt Lin – the range in orientation of the bedding-cleavage 
intersection lineation on a slab – varied from 10° to 33°.  In general, low-strain samples 
have a larger FΦ and FInt Lin than high-strain samples.  FΦ on a slab is comparable to FInt Lin 
on the same slab, although a statistically significant correlation does not exist. 
  Fint Lin is strongly correlated to Rs, and the linearity of the relationship was 
improved by converting FInt Lin to a non-dimensional scale (comparable to Rs) by taking 
its cotangent and by converting both variables to a logarithmic scale (Fig. 3). The 
resulting regression line, 
ln Rs = 0.2735 × ln cot (Fint Lin) + 0.1604, R2 = 0.8402, 
permits the estimation of strain for fossils that do not co-occur with raindrop imprints. 
 All samples were fairly fine-grained, but thin sections revealed that the highest-
strain slab was the most fine-grained, whereas the lower-strain slabs were significantly 
more coarse-grained.  The highest-strain and lowest-strain samples exhibited high angles 
between bedding and cleavage (80°-90°), whereas the intermediate-strain samples 
exhibited a lower angle between the two planes (mean of 59°). 
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FIGURE 3 − Correlation between fluctuation of bedding-cleavage intersection lineation 
(FInt Lin) and strain ratio (Rs) obtained from twelve raindrop-imprint—bearing slabs (see 
Fig. 2). Transformations applied to improve linearity of fit. 
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Discussion 
Analyses of the raindrop imprints and bedding-cleavage intersection lineation 
provide several insights into the initial morphology of the raindrop imprints.  The 
raindrop imprints could have originated as elliptical craters or as circular craters that were 
subsequently deformed.  Initially elliptical craters that formed during a wind-driven rain 
could account for the alignment of the elongate raindrop imprints, in which case the 
variability in the orientation of the imprints’ long axes and axial ratios could be explained 
by changing wind strength and direction.  However, the parallelism between the 
orientation of the raindrop imprints’ long axes and the orientation of the bedding-
cleavage intersection lineation suggests that the imprints were likely circular craters that 
were subsequently deformed rather than originally elliptical structures. 
The variability in the shapes and orientations of the raindrop imprints is likely 
caused by the natural variations in crater shape, strain heterogeneity or a combination of 
the two.  In nature, objects rarely exhibit their ideal shapes, so even when the initial shape 
of a strain marker is known, it can be difficult to rely on that ideal morphology (Ramsay, 
1967).  Raindrop imprints that were not perfectly circular prior to deformation likely 
contribute to the variable shapes and orientations of the observed raindrop imprints.  
Strain heterogeneity can intensify this variability and is likely the primary source of the 
non-uniform shapes and orientations of the raindrop imprints.  Support for strain 
heterogeneity comes from the variability observed in FInt Lin.  Under conditions of 
heterogeneous strain, the raindrop imprints will deform according to the local strain field.  
This also explains the similarity between Fint Lin and FΦ such that the orientations of the 
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long axes of the raindrop imprints generally follow the orientation of the bedding-
cleavage intersection lineation. 
Heterogeneous strain may also be responsible for the varying strain ratios (Rs) 
between the slabs, however, variations in strain magnitude can also result from variations 
in grain size and in the angle between bedding and cleavage.  Fine-grained sedimentary 
rocks are less competent and accommodate more strain than coarse-grained sedimentary 
rocks subjected to the same stresses, and thin sections revealed that strain did increase 
with decreasing grain size.  All else being equal, strain is the highest when bedding and 
cleavage are perpendicular and lowest when they are parallel. The highest-strain and 
intermediate-strain samples fit these expectations, but the lowest-strain sample has an 
unexpectedly high angle between bedding and cleavage. However, this high angle may 
result from the refraction of cleavage due to a larger grain size.  Based on these 
observations, the variation in strain magnitude among samples likely reflects a 
combination of strain heterogeneity, variation in grain size and changing angles between 
bedding and cleavage. 
 
RETRODEFORMATION USING RAINDROP IMPRINTS 
 The retrodeformation of the trace fossils using the strain ratio yields the initial 
shapes of the traces and trackways, including angles and proportions, but it may not yield 
their initial sizes.  With knowledge of absolute change in length, it is possible to obtain 
measurements of a footprint’s dimensions and trace maker’s stride, allowing for a more 
complete comparison between the retrodeformed trace fossils and non-distorted material 
collected elsewhere.   
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 In order to obtain initial sizes, it is assumed that the rocks were deformed under 
conditions of plane strain such that there is no change in length along the Y-axis of the 
strain ellipsoid.  As such, the deformation recorded on the bedding surface of a slab is the 
result of shortening perpendicular to the Y-axis, rather than elongation parallel to the Y-
axis.  Thus, because the raindrop imprints are elongate parallel to the bedding-cleavage 
intersection lineation, their elliptical shapes are the result of shortening along their short 
axes rather than elongation along their long axes.  
 
Methods 
 To retrodeform the trace fossils, images of the deformed slabs were manipulated 
in Adobe Illustrator using the scale tool.  In accord with the assumption of plane strain, 
the image dimension parallel to the Y-axis, or the mean orientation of the bedding-
cleavage intersection lineation, was not changed, and the image dimension perpendicular 
to the Y-axis was increased by a factor of one over the stretch normal to the Y-axis 
(1/stretch e),   
stretch e = 1+e  / 1+e2. 
This procedure assumes strain is dominantly homogeneous on the bedding surface and 
restores the strain ellipse for the bedding surface to a circle. 
 
Retrodeformation of Tetrapod Tracks 
 Two slabs containing raindrop imprints and tetrapod tracks were retrodeformed 
using the associated raindrop imprint data.  One slab (Fig. 4) preserves one track 
identified as a reptilomorph left manus based on digit length, the presence of articular  
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FIGURE 4 − Fossil reptilomorph manus from quarry in Plainville, Massachusetts. A) 
Original specimen. B) Retrodeformed image using Rs determined from raindrop imprints 
(Rs = 1.40; Sample 3 in Fig. 2). Digits I – V are shown.  Images oriented with mean 
orientation of bedding-cleavage intersection lineation on the horizontal. Ellipses	  show	  strain	  ellipse	  (A)	  and	  retrodeformed	  strain	  ellipse	  (B).	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nodes and a potential claw mark (Chestnut et al., 1994; Falcon-Lang et al., 2010). The 
track is oriented with its third digit at 30° to the mean orientation of the bedding-cleavage 
intersection lineation.  The raindrop imprints and reptilomorph track are preserved as 
natural casts on the bottom of the bed.  The other slab (Fig. 5) preserves a trackway 
attributed to an amphibian based on the presence of tetradactyl manus and pentadactyl 
pes with short digits and blunt-tipped toes (Lucas et al., 2011, Voigt et al., 2011, 2011). 
The trackway consists of several manus-pes sets and is oriented approximately 
perpendicular to the mean orientation of the bedding-cleavage intersection lineation. The 
raindrop imprints associated with the trackway are preserved as natural molds on the top 
of the bed, and the tracks are preserved as natural casts on the bottom of the bed. 
 
Expected morphologies—Getty et al (2010) reported both amphibian and reptilomorph 
tracks from this locality. The tracks made by these two groups of animals can be 
distinguished by a number of features. For example, many amphibian lineages reduced 
the number of digits in the hand to four, whereas the reptilomorphs retained five manual 
digits (Carroll, 2009; Falcon-Lang et al., 2007, 2010). Additionally, amphibian tracks 
tend to have short, thick, and straight toes, whereas those of reptilomorphs tend to be 
long, thin, and curved (Calder et al., 2004; Chestnut et al., 1994; Schult, 1995). 
Reptilomorph tracks may further be differentiated from those of amphibians by the 
presence of claw marks and distinct swellings at the joints in the toes (Calder et al., 2004; 
Mossman and Grantham, 1999, 2008), as well as a variety of trackway parameters.  
The amphibian trackways belong to the ichnogenera Batrachichnus and Limnopus which, 
being morphologically very similar, are mostly differentiated based on size  
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FIGURE 5 − Fossil amphibian trackway from quarry in Plainville, Massachusetts. A) 
Original specimen. B) Retrodeformed image using Rs determined from raindrop imprints 
(Rs = 1.46; Sample 5 in Fig. 2). Images oriented with mean orientation of bedding-
cleavage intersection lineation on the horizontal. Ellipses	  show	  strain	  ellipse	  (A)	  and	  retrodeformed	  strain	  ellipse	  (B).	  	  M = manus; P = pes.	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(Tucker and Smith, 2004). In examples that have not experienced deformation, manus 
(front foot) imprints are equidimensional or slightly (from 10-30%) wider than long 
(Baird, 1952; Voigt et al., 2011a, b), and have toes that serially increase in length from I 
to III, with IV being nearly as long as II (Baird, 1952; Lucas et al., 2011; Voigt et al. 
2011a). The prints of the pes (hind foot) are about as long as wide, and have toes 
increasing in length from I to IV, with V as long as II (Baird, 1952; Lucas et al., 2011; 
Voigt et al. 2011b). 
The reptilomorph tracks are assigned to the ichnogenus Notalacerta based on 
their resemblance to published material, such as that figured by Chestnut et al. (1994, fig. 
3), Calder et al. (2004, fig. 3), and Haubold et al. (2005, fig. 7), and are generally 
interpreted as having been made by basal reptiles. Both the manus and pes are nearly the 
same size, and the pes sometimes overlaps the posterior of the manus imprint (Chestnut 
et al., 1994; Haubold et al, 2005). The digits on both the manus and pes increase in length 
from I to IV, with digit V approximately as long as II (Chestnut et al., 1994; Calder et al. 
2004). 
 
Observed morphologies—The reptilomorph track in Figure 4A exhibits serial lengthening 
from digits I to III, a decrease in length to digit IV and a similarity in length between 
digit I and digit V. The associated deformed raindrop imprints are elliptical with their 
long axes approximately parallel to the bedding-cleavage intersection lineation, and yield 
Rs = 1.40 (Fig. 2, Sample 3).   
 The amphibian tracks (Figs. 5A) shows shortening parallel to the trackway, giving 
the tracks a broadened appearance such that each track is more wide than long.  The 
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associated deformed raindrop imprints are elliptical with their long axes approximately 
parallel to bedding-cleavage intersection lineation, and yield Rs = 1.46 (Fig. 2, Sample 5) 
 
Retrodeformed morphologies—The retrodeformed reptilomorph (Fig. 4B) exhibits serial 
lengthening of digits I to IV.  Digit IV is the greatest in length and digit V is similar in 
length to digits II and III.  In general, the raindrop imprints are sub-circular in shape. 
 The retrodeformed amphibian trackway (Figs. 5B) elongates and the individual 
tracks lengthen.  As a result of the elongation parallel to the trackway, the slab shows an 
increase in pace angle and stride.  The shapes of the tracks become more equidimensional 
because they lengthen proximally to distally while their widths remain unchanged.  In 
general, the raindrop imprints are sub-circular. 
 
Discussion—When retrodeformed using the raindrop imprint data, the reptilomorph 
manus and amphibian trackway exhibit more typical morphologies that have been 
observed at other locations. 
 Reptilomorph tracks are expected to have serial lengthening of digits I to IV with 
digit V being comparable in length to digit II (Chestnut et al., 1994; Falcon-Lang et al., 
2010).  In its deformed state, the reptilomorph manus does not meet these expectations, 
but the retrodeformed track shows serial lengthening of digits I to IV with digits II, III 
and V similar in length.  
 The retrodeformed amphibian trackway also shows greater morphological 
similarity to undeformed material.  Because the trackway is perpendicular to the bedding-
cleavage intersection lineation, deformation altered its proportions but not its symmetry. 
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Amphibian manus are usually 10-30% more wide than long (Voigt et al., 2011), but the 
deformed manus are approximately 200% more wide than long.  After retrodeformation, 
the tracks return to the expected semi-equidimensional shapes, and it is likely that the 
increased pace angle and stride reflect the trackway’s original angles and lengths. 
 After retrodeformation, the raindrop imprints should be circular or sub-circular 
craters.  Many of the raindrop imprints exhibit circular morphologies, but some of the 
raindrop imprints appear to be over-retrodeformed such that they are elongate 
perpendicular to the bedding-cleavage intersection lineation, or under-retrodeformed such 
that they remain elongate parallel to the bedding-cleavage intersection lineation.  The 
non-circular shapes of these raindrop imprints result from the non-uniform orientations 
and magnitudes of the deformed raindrop imprints.  
  
RETRODEFORMATION WITHOUT RAINDROP IMPRINTS 
 Deformed trace fossils that are not found in association with raindrop imprints 
require a different means of retrodeformation.  The strong correlation between Rs and FInt 
Lin  (Fig. 3) allows for the determination of a value for Rs and might provide an alternative 
way for retrodeforming trace fossils in the absence of raindrop imprints.  
 In order to test trace fossil retrodeformation using the correlation between Rs and 
FInt Lin, fossilized body imprints, called Tonganoxichnus buildexensis, were retrodeformed 
using this approach.  These traces were collected from the same locality as the tetrapod 
tracks and are attributed to archaeognathan insects (Mángano et al., 1997, 2001; Minter 
and Braddy, 2006; Getty et al., 2013).  Archaeognathans are bilaterally symmetric in life 
(Grimaldi and Engel, 2005, p.149, fig. 5.1), and the body imprints of these insects exhibit 
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this symmetry when they occur in modern sediments and in undeformed rocks (Getty et 
al., 2013; Mángano et al., 1997, 2001; Minter and Braddy, 2006; Sturm, 1955).  If the 
correlation between Rs and FInt Lin permits accurate estimation of Rs, then retrodeformed 
traces should exhibit their original bilateral symmetry.  After testing this approach on the 
insect fossils, it was used to retrodeform several slabs containing amphibian tracks.  As 
an additional check on the method, some of the archaeognathan and amphibian slabs also 
bear a number of small raindrop imprints that should be circular to sub-circular after 
retrodeformation. 
Methods 
 Trace fossils were retrodeformed using the correlation between Rs and FInt Lin 
(Fig. 3).  Strain ratios for these slabs were obtained by measurement of FInt Lin on the 
bedding surface of each slab, using the previously discussed technique and similar 
number of bedding-cleavage intersection lineation measurements as used to orient the 
previous slabs.  The obtained strain ratios for the slabs were then used to retrodeform the 
images using the previously discussed method.   
 
Retrodeformation of Archaeognathan Trace Fossils 
Expected morphology—Archaeognathan body imprints vary in completeness depending 
on how much of the body contacted the substrate (Mángano et al, 1997; Getty et al., 
2013). The most complete imprints consist of an anterior group of traces produced by the 
head and head appendages, a middle group of traces produced by the coxae (portion of 
the thoracic legs closest to the body), and a posterior group of traces produced by the 
abdomen and its appendages. The bilateral symmetry of the body imprints is most 
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apparent in the central and posterior groups of imprints. For example, in undeformed 
fossils, the thoracic legs made three pairs of imprints, with each imprint directly opposite 
its pair (Mángano et al, 1997, figs. 2, 3). Additionally, each abdominal segment, called a 
sternite, leaves an ovate to rectangular imprint. Within the imprints of the sternites are 
paired imprints left by abdominal leglets called styli, which are also directly opposite 
each other (Mángano et al, 1997, figs. 2, 3).  
 
Observed morphology— The preserved body imprints show clear signs of deformation. 
The imprints of the abdominal sternites are rhomboid in outline, rather than rectangular 
(Figs. 6A–B, 7 A–B). Additionally, the paired thoracic leg and styli imprints are not 
directly opposite each other on either side of the trace; rather, they are offset slightly so 
that on one side of the body imprint they appear to originate just in front of those on 
opposite sides of the trace (Figs. 6A–B, 7 A–B). 
 
Retrodeformed morphologies—Figures 6C–D and 7C–D show the retrodeformed 
archaeognathan traces, with Rs determined from the correlation between Rs and FInt Lin 
(Fig. 3). These represent our best estimates of the original, undeformed morphologies of 
the fossils. To illustrate the effects of retrodeforming using other values of Rs, Figures 
6E–H and 7E–H show alternate retrodeformations based on the minimum and maximum 
values of Rs (1.33 and 1.93) calculated from the twelve slabs bearing raindrop imprints 
(Fig. 2).  These reconstructions are expected to reflect original morphology less 
accurately, but they illustrate the range of possible reconstructions based on the range of 
strain magnitudes observed from the site.  
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FIGURE 6 − Body imprint of archaeognathan insect from quarry in Plainville, 
Massachusetts (YPM227991). A) Original specimen. B) Interpretive drawing of boxed 
area in panel A. C) Retrodeformed image using Rs obtained from correlation in Figure 3 
(Rs = 1.65). D) Interpretive drawing of boxed area in panel C. E) Retrodeformed image 
using low end-member strain value (Rs = 1.33). F) Interpretive drawing of boxed area in 
panel E. G) Retrodeformed image using high end-member strain value (Rs = 1.93). H) 
Interpretive drawing of boxed area in panel G. Images oriented with mean orientation of 
bedding-cleavage intersection lineation on the horizontal. Ellipses	  show	  strain	  ellipse	  (A)	  and	  retrodeformed	  strain	  ellipses	  (C,	  E,	  and	  F).	  	  R = raindrop imprints; tl = thoracic 
legs; ab = abdomen; c+tr = coxa and trochanter; s = styli; st = sternites. 
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FIGURE 7 −Body imprints of archaeognathan insects from quarry in Plainville, 
Massachusetts (YPM236969-72). A) Original specimen. B) Interpretive drawing of 
boxed areas in panel A. C) Retrodeformed image using Rs obtained from correlation in 
Figure 3 (Rs=1.62). D) Interpretive drawing of boxed area in panel C. E) Retrodeformed 
image using low end-member strain value (Rs = 1.33). F) Interpretive drawing of boxed 
area in panel E. G) Retrodeformed image using high end-member strain value (Rs = 
1.93). H) Interpretive drawing of boxed area in panel G. Images oriented with mean 
orientation of bedding-cleavage intersection lineation on the horizontal. Ellipses	  show	  strain	  ellipse	  (A)	  and	  retrodeformed	  strain	  ellipses	  (C,	  E,	  and	  F). R = raindrop 
imprints; tl = thoracic legs; ab = abdomen; c = coxa; s = styli; st = sternites. 
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 YPM27991 (Fig. 6) contains a single archaeognathan body imprint that is 
approximately 2 mm in length and preserves features of the insect’s head, thorax and 
abdomen.  The trace lies at approximately 30° to the mean orientation of the bedding-
cleavage intersection lineation.  FInt Lin of the slab is 16°, which yields Rs = 1.65 
according to the relationship in Figure 3.  
 The retrodeformed fossil based on the best estimate of Rs exhibits bilateral 
symmetry, as expected in an undeformed body imprint (Fig. 6C-D). The paired coxae and 
points of origin of the paired styli are aligned across the midline, and the abdominal 
sternites are rectangular rather than rhomboid. The reconstruction based on the lowest-
strain end member (Figs. 6E–F) also exhibits improved bilateral symmetry. In both these 
reconstructions, the raindrop impressions were restored to sub-circular shape. The 
retrodeformation based on the highest-strain end member (Figs. 6G–H) exhibits poor 
symmetry, with offset coxae and styli and rhomboid abdominal sternites. In these 
respects, this reconstruction resembles the original deformed specimen, although with the 
direction of skew reversed. In this retrodeformation, the raindrop imprints are elongate 
perpendicular to the bedding-cleavage intersection lineation.  
 YPM236969-72 (Fig. 7) preserves four archaeognathan body imprints oriented at 
various angles relative to the bedding-cleavage intersection lineation.  The body imprints 
range in size and preserve varying features of the trace maker’s body. FInt Lin of the slab is 
17°, which yields Rs = 1.62 according to the relationship in Figure 3.  
 These traces also appear deformed (Figs. 7A–B): the abdominal sternites are 
rhomboid, and the paired coxae and paired styli are offset.  Similar characteristics are 
seen in the retrodeformations using the lowest-strain (Figs. 7E–F) and the highest-strain 
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(Figs. 7G–H) end members, although the direction of skew is opposite in the highest-
strain end member.  When retrodeformed using the best estimate of Rs (Fig. 7C–D), the 
traces exhibit their original bilateral symmetry with rectangular sternites and aligned 
pairs of coxae and styli.   
 Several raindrop imprints also occur on this specimen. They are elongate 
subparallel to the bedding-cleavage intersection lineation on the deformed slab and in the 
lowest-strain retrodeformation, and they are elongate perpendicular to the intersection 
lineation in the highest-strain retrodeformation. In the retrodeformation using the best 
estimate of Rs, however, the raindrop imprints are nearly circular. 
  
Discussion—In their deformed states, the archaeognathan trace fossils lack the expected 
bilaterally symmetric morphology.  Through proper retrodeformation, the traces can be 
restored to their bilaterally symmetric morphologies.  However, these specimens exhibit 
varying levels of strain, and Figures 6 and 7 demonstrate the importance of using an 
appropriate value of Rs during retrodeformation.   
  In Figure 6, the highest-strain retrodeformation overcorrects the archaeognathan 
body imprint, such that it lacks bilateral symmetry.  The best-estimate and lowest-strain 
retrodeformations show improvements in symmetry, with more rectangular sternites and 
better alignment of coxae and styli across the midline. However, both reconstructions still 
appear slightly deformed, but with opposite directions of skew. The true value of Rs 
likely lies between the best estimate and the lowest-strain estimate; because there is 
scatter around the regression line in Figure 3, the best estimate of Rs should be close but 
not necessarily equal to the true value of Rs.   
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 The archaeognathan trace fossils in Figure 7 are oriented differently relative to the 
bedding-cleavage intersection lineation such that they respond differently to deformation.  
The first trace (Fig. 7G–H, 1) is oriented perpendicular to the bedding-cleavage 
intersection, so retains its bilateral symmetry in all reconstructions.  The other traces are 
not perpendicular to the bedding-cleavage intersection lineation and can be used to test 
the accuracy of retrodeformation.  When retrodeformed using the lowest-strain and 
highest-strain values, these traces lack bilateral symmetry and appear under- and over-
retrodeformed, respectively.  The archaeognathan body imprints return to the expected 
bilateral symmetry when retrodeformed using the strain ratio obtained from the 
correlation between Rs and FInt Lin.  This retrodeformation is especially compelling since 
all of the traces return to their bilaterally symmetric morphologies despite their varying 
orientations.  Furthermore, the raindrop imprints return to their circular shapes only when 
retrodeformed using this strain ratio. 
 These analyses suggest that fossils from this locality can successfully be 
retrodeformed in the absence of raindrop imprints using the observed correlation between 
Rs and FInt Lin.  Archaeognathan trace fossils on both slabs were restored to their original 
bilaterally symmetric morphology using this method.  Using other values of strain was 
not successful in all cases, which highlights the importance of calculating a strain value 
that is appropriate to a particular sample.  The success of this method allows for the 
retrodeformation of vertebrate tracks that lack symmetry and are not found in association 
with raindrop imprints; that is, fossils for which no other obvious method is available 
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Retrodeformation of Amphibian Tracks 
Three track-bearing slabs were retrodeformed using strain ratios obtained from 
the correlation between Rs and FInt Lin (Figs. 8-10).  The tracks were produced by an 
amphibian, as indicated by the tetradactyl manus and pentadactyl pedes with short digits 
and blunt-tipped toes (Lucas et al., 2011, Voigt et al., 2011a, 2011b). 
 
Expected morphology—As mentioned above, undeformed amphibian manus imprints are 
equidimensional or slightly wider than long (Baird, 1952; Voigt et al., 2011a, b). The 
prints of the pes are about as long as wide and have serial lengthening from digits I to IV, 
with digit V as long as digit II (Baird, 1952; Lucas et al., 2011; Voigt et al. 2011b). 
 
Observed morphology—The amphibian tracks on these three slabs show clear signs of 
deformation.  For example, In Figure 8A, one pes (P2) is approximately 59% longer than 
wide.  In Figure 9A, the pedes (P1, P2) are approximately 39% longer than wide and one 
manus (M1) is 16% longer than it is wide.  In Figure 10A, one manus (M1) is 
approximately 76% wider than is it long.  
 
Retrodeformed morphologies— Figures 8B, 9B and 10B show the retrodeformed 
amphibian trackways using the strain ratios obtained through use of the correlation 
between Rs and FInt Lin.  
 The tracks in Figure 8 are aligned approximately parallel to the bedding-cleavage 
intersection lineation.  FInt Lin of the slab is 14°, which yields Rs=1.73. The retrodeformed 
tracks (Fig. 8B) widen such that the manus are slightly wider than long (e.g., 18% in M1)  
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FIGURE 8 − Fossil amphibian trackway from quarry in Plainville, Massachusetts. A) 
Original specimen. B) Retrodeformed image using Rs obtained from correlation in Figure 
3 (Rs=1.72).  Images oriented with mean orientation of bedding-cleavage intersection 
lineation on the horizontal. Ellipses	  show	  strain	  ellipse	  (A)	  and	  retrodeformed	  strain	  ellipse	  (B). R = raindrop imprint; M = manus; P = pes. 
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FIGURE 9 − Fossil amphibian trackway from quarry in Plainville, Massachusetts. A) 
Original specimen. B) Retrodeformed image using Rs obtained from correlation in Figure 
3 (Rs=1.40).  Images oriented with mean orientation of bedding-cleavage intersection 
lineation on the horizontal. Ellipses	  show	  strain	  ellipse	  (A)	  and	  retrodeformed	  strain	  ellipse	  (B). M = manus; P = pes. 
	   40	  
 
	   41	  
 
FIGURE 10 − Fossil amphibian trackway from quarry in Plainville, Massachusetts. A) 
Original specimen. B) Retrodeformed image using Rs obtained from correlation in Figure 
3 (Rs=1.53).  Images oriented with mean orientation of bedding-cleavage intersection 
lineation on the horizontal. Ellipses	  show	  strain	  ellipse	  (A)	  and	  retrodeformed	  strain	  ellipse	  (B).	  M = manus; P = pes. 
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and the pes (P2) is equidimensional and exhibits the expected serial lengthening from 
digits I to IV, with digits II and V comparable in length.  A single raindrop imprint 
preserved on the slab and is circular when retrodeformed (Fig. 8B, R).  The tracks in 
Figure 9 are also parallel to the bedding-cleavage intersection lineation.  FInt Lin of the slab 
is 28°, which yields Rs=1.40.  The retrodeformed tracks (Fig. 9B) widen such that the 
pedes are nearly equidimensional (4% longer than wide) and the manus are wider than 
they are long (by 10% in M1 and 29% in M2).  The tracks in Figure 10A are not oriented 
parallel to the bedding-cleavage intersection lineation.  FInt Lin of the slab is 21°, which 
yields Rs=1.53.  In the retrodeformed image (Fig. 10B), the pes (P1) widens such that it 
is ~8% longer than wide, and it exhibits the expected serial lengthening from digits I to 
IV, with digits II and V comparable in length.  The manus (M1) lengthens to ~29% wider 
than long.    
  
 Discussion— Based on morphological expectations, the amphibian tracks 
preserved on these slabs have been properly retrodeformed using the strain ratios 
obtained through the correlation between Rs and FInt Lin.  As a result, these traces further 
support the use of FInt Lin as a means for retrodeformation and can now be more accurately 
compared to non-distorted material collected elsewhere. 
  
CONCLUSION 
 In this study, we show how deformed tetrapod tracks preserved in the sedimentary 
rocks of the Narragansett Basin can be retrodeformed using deformed raindrop imprints.  
The raindrop imprints were presumably circular prior to deformation and became more 
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elliptical as they were progressively deformed.  As a result, the ellipticity of deformed 
raindrop imprints on a slab can be used to determine the amount of strain recorded on the 
bedding surface of that slab.  These strain data can be applied to deformed trace fossils 
found in association with the deformed raindrop imprints and used to retrodeform the 
traces.  This approach has been tested with amphibian and reptilomorph tracks, and both 
ichnofauna retrodeform to their expected morphologies.  We also show that the 
anastomosing characteristic of cleavage can be seen on bedding surfaces in the form of an 
anastomosing bedding-cleavage intersection lineation.  The fluctuation of the bedding-
cleavage intersection lineation is strongly correlated to strain ratio such that as Rs 
increases, FInt Lin decreases.  As a result, FInt Lin can be used to quantify the amount of 
strain recorded on the bedding surfaces of slabs.  This correlation is useful for the 
retrodeformation of trace fossils not found in association with deformed raindrop 
imprints.  Use of this correlation has been tested retrodeforming archaeognathan trace 
fossils that were presumably bilaterally symmetric prior to deformation as well as several 
amphibian tracks not associated with raindrop imprints.  In all cases, the trace fossils 
were restored to their expected morphologies.  Based on our findings, we have shown 
how deformed raindrop imprints and the fluctuation of the bedding-cleavage intersection 
lineation can be used to retrodeform Carboniferous tetrapod tracks found in the 
Narragansett Basin, allowing for the comparison of these tracks to non-distorted material 
collected elsewhere and for a more complete understanding of the fossil record of early 
tetrapods in New England.   
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APPENDIX 
 
Photographing Samples  
Several procedures were performed in order to capture useful images of the 
analyzed slabs.  During photography, light was reflected back onto the samples rather 
than direct exposure to the light source. This practice helped highlight the casts and 
molds of the raindrop imprints and trace fossils.  Several precautions were taken in order 
to minimize potential distortion in the captured images. The camera was oriented so that 
it was co-planar with the bedding surface of the slab, and a circular marker was inserted 
into the view of every photograph. After images were captured, the position of the 
camera was rechecked, and the marker’s circumference was measured using ImageJ to 
check for distortion.  
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Sample 1 – Photograph and Data 
 
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
20 1.326 1.365 9.0525 37.126 29 
     # Int Lin 
     31 
Long Short Rf Φ Raw Int Lin Avg Int Lin = 0 
7.263 5.406 1.343507214 25.825 50 -16 
7.39 4.806 1.537661257 19.96 55 -11 
3.742 2.678 1.397311426 15.771 56 -10 
3.86 2.69 1.434944238 27.08 58 -8 
4.156 2.981 1.394163033 15.311 58 -8 
4.358 3.228 1.350061958 11.326 59 -6 
5.918 4.027 1.469580333 15.808 61 -5 
9.309 6.618 1.406618314 -11.301 62 -4 
3.817 2.93 1.302730375 -5.288 62 -3 
6.683 5.689 1.17472315 -10.104 63 -3 
4.023 3.523 1.141924496 0.565 63 -3 
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3.554 2.906 1.222986924 17.602 63 -3 
2.379 1.712 1.389602804 12.395 63 -3 
2.544 1.764 1.442176871 17.812 65 -1 
3.114 2.302 1.352736751 3.594 65 -1 
6.578 4.98 1.320883534 13.78 65 -1 
3.749 2.568 1.459890966 6.196 65 -1 
5.571 4.363 1.276873711 16.494 66 0 
3.214 2.167 1.483156437 -8.238 66 0 
2.552 1.829 1.395297977 -6.174 67 1 
    69 3 
    70 4 
    72 6 
    72 6 
    73 7 
    74 8 
    77 11 
    78 12 
    78 12 
    79 13 
    Avg = 66  
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Sample 2 – Photograph and Data 
 
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
21 1.39 1.398 -0.85 14.656 26 
     # Int Lin 
     26 
Long Short Rf Φ Raw Int Lin Avg Int Lin = 0 
2.631 1.701 1.546737213 0.028 17 -12 
2.993 2.158 1.386932345 -2.522 21 -8 
3.677 2.48 1.48266129 -2.229 23 -6 
2.234 1.659 1.346594334 -3.816 23 -6 
2.497 1.756 1.421981777 -6.62E-14 24 -5 
3.211 2.342 1.371050384 -1.865 24 -5 
2.089 1.489 1.402955003 -5.781 25 -4 
1.992 1.421 1.401829697 2.269 25 -4 
2.797 2.107 1.327479829 -1.972 27 -2 
2.719 2.111 1.288015159 -7.431 27 -2 
3.648 2.653 1.375047116 8.495 27 -2 
2.047 1.579 1.29639012 -2.796 27 -2 
1.07 0.755 1.417218543 -1.687 27 -2 
1.657 1.283 1.291504287 -7.212 29 0 
2.891 2.056 1.406128405 7.225 29 0 
2.389 1.668 1.432254197 5.971 30 1 
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2.536 1.792 1.415178571 0.205 30 1 
2.606 1.85 1.408648649 -5.963 31 2 
2.244 1.576 1.423857868 -0.099 31 2 
4.061 2.883 1.408602151 5.772 32 3 
2.754 1.833 1.502454992 -4.219 34 5 
    35 6 
    37 8 
    37 8 
    40 11 
    43 14 
    Avg = 29  
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Sample 3 – Photograph and Data 
 
 
# Data Rs Mean Rf Mean Φ FΦ      FInt Lin 
30 1.398 1.419 2.5866 28.007 33 
     # Int Lin 
     36 
Long Short Rf Φ Raw Int.Lin Avg Int Lin = 0 
1.816 1.179 1.54028838 0 223 -14 
2.134 1.582 1.348925411 19.054 224 -13 
2.817 1.994 1.412738215 16.091 224 -13 
2.357 1.781 1.323413812 7.901 224 -13 
2.557 2.048 1.248535156 1.332 226 -11 
2.638 1.829 1.442318207 -4.534 227 -10 
3.111 2.157 1.442280946 12.053 229 -8 
2.861 1.914 1.49477534 5.102 231 -6 
2.726 1.697 1.606364172 6.405 231 -6 
2.401 1.534 1.565189048 10.178 231 -6 
3.513 2.431 1.445084327 -4.262 231 -6 
3.802 2.563 1.48341787 2.216 233 -4 
2.737 1.942 1.409371782 17.16 233 -4 
2.165 1.647 1.314511233 7.141 234 -3 
2.037 1.485 1.371717172 3.942 235 -2 
2.625 2.273 1.154861417 -8.953 235 -2 
3.229 2.228 1.449281867 0.863 236 -1 
1.655 1.108 1.49368231 -4.732 237 0 
2.04 1.333 1.530382596 -3.302 238 1 
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1.818 1.253 1.450917797 0 238 1 
2.034 1.626 1.250922509 -6.175 239 2 
2.333 1.677 1.391174717 -1.801 240 3 
1.638 1.13 1.449557522 -3.879 241 4 
1.728 1.363 1.267791636 0.829 242 5 
2.623 1.788 1.467002237 -3.713 242 5 
1.997 1.468 1.360354223 -2.277 244 7 
1.506 1.02 1.476470588 17.8 245 8 
2.182 1.509 1.445990722 -1.506 245 8 
1.774 1.147 1.546643418 -1.062 246 9 
1.092 0.784 1.392857143 -2.14 246 9 
    246 9 
    246 9 
    246 9 
    248 11 
    248 11 
    256 19 
     Avg = 237  
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Sample 4 – Photograph and Data 
 
 
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
16 1.448 1.453 -2.7016 10.646 23 
     # Int Lin 
     39 
Long Short Rf Φ Raw Int Lin Avg Int Lin = 0 
6.781 4.687 1.446767655 -0.002 20 -12 
5.907 4.096 1.442138672 -0.012 21 -11 
6.466 4.533 1.426428414 1.402 24 -8 
5.007 3.749 1.335556148 -7.035 24 -8 
6.884 4.887 1.408635154 -5.85 24 -8 
5.385 4.036 1.334241824 3.429 25 -7 
6.623 4.525 1.463646409 -3.329 26 -6 
10.365 6.323 1.639253519 -3.883 27 -5 
6.717 4.159 1.615051695 -4.55 27 -5 
5.915 4.216 1.402988615 -1.711 28 -4 
5.312 3.524 1.50737798 -4.27 28 -4 
4.596 3.13 1.468370607 -2.017 28 -4 
6.109 4.163 1.467451357 -4.977 28 -4 
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7.374 5.289 1.394214407 -5.122 29 -3 
6.369 4.549 1.400087931 -6.706 29 -3 
6.313 4.208 1.500237643 1.448 30 -2 
    30 -2 
    31 -1 
    31 -1 
    32 0 
    32 0 
    32 0 
    32 0 
    33 1 
    33 1 
    35 3 
    36 4 
    36 4 
    36 4 
    37 5 
    37 5 
    39 7 
    39 7 
    39 7 
    40 8 
    40 8 
    40 8 
    41 9 
    43 11 
    Avg = 32  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   64	  
Sample 5 – Photograph and Data 
 
 
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
37 1.458 1.474 2.1982 27.891 23 
     # Int Lin 
     27 
Long Short Rf Φ Raw Int Lin Avg Int Lin = 0 
6.712 4.658 1.440961786 2.529 9 -10 
6.534 4.552 1.435413005 5.45 13 -6 
6.538 4.088 1.599315068 4.447 14 -5 
5.124 3.324 1.541516245 2.632 15 -4 
7.07 4.99 1.416833667 0.456 16 -3 
7.426 4.602 1.613646241 -3.679 16 -3 
6.832 4.3 1.588837209 -3.172 17 -2 
6.244 3.894 1.603492553 4.837 17 -2 
5.492 3.788 1.449841605 -4.162 17 -2 
6.776 4.748 1.427127211 2.811 17 -2 
6.73 4.522 1.488279522 -1.463 18 -1 
5.136 3.304 1.554479419 -2.705 18 -1 
7.586 5.134 1.477600312 -7.814 18 -1 
6.868 4.506 1.524189969 11.186 18 -1 
6.992 4.58 1.526637555 19.468 19 0 
6.056 4.698 1.289059174 -5.012 19 0 
5.832 4.084 1.428011753 8.523 20 1 
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6.636 4.458 1.488559892 -1.659 21 2 
7.442 4.71 1.580042463 4.336 21 2 
7.68 5.446 1.410209328 6.723 21 2 
7.522 5.632 1.335582386 0.534 22 2 
3.69 2.65 1.39245283 5.686 22 3 
6.468 4.742 1.363981442 6.668 23 4 
5.532 3.918 1.41194487 -8.423 25 6 
7.244 4.286 1.69015399 -6.385 26 7 
5.16 3.454 1.493920093 -6.375 29 10 
7.074 4.86 1.455555556 7.162 32 13 
4.786 3.19 1.50031348 5.29 Avg = 19  
5.888 3.876 1.519091847 -0.09   
7.23 5.07 1.426035503 4.235   
5.482 3.932 1.394201424 -4.653   
5.752 4.088 1.40704501 3.885   
6.66 4.578 1.454783748 9.614   
5.02 3.394 1.479080731 1.572   
5.168 3.53 1.464022663 6.213   
7.446 5.118 1.454865182 3.215   
6.8 4.88 1.393442623 9.946   
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Sample 6 – Photograph and Data 
 
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
51 1.465 1.479 1.9134 39.257 19 
     # Int Lin 
     22 
Long Short Rf Φ Raw Int Lin Avg Int Lin = 0 
1.776 1.175 1.511489362 2.894 46 -11 
1.631 1.144 1.425699301 3.795 47 -10 
2.69 1.909 1.40911472 4.705 49 -8 
1.491 1.091 1.366636114 -0.012 52 -5 
3.351 2.032 1.649114173 1.375 52 -5 
3.54 1.971 1.796042618 9.198 53 -4 
2.87 1.908 1.504192872 -2.065 54 -3 
2.531 1.632 1.550857843 -2.582 55 -2 
1.948 1.399 1.392423159 0 55 -2 
3.814 2.703 1.411024787 -0.334 56 -1 
4.651 3.102 1.499355255 19.751 56 -1 
4.323 2.689 1.60766084 4.881 56 -1 
3.087 2.164 1.426524954 -6.96 56 -1 
2.826 1.834 1.54089422 -3.942 56 -1 
2.194 1.404 1.562678063 -3.171 58 1 
2.78 2.21 1.257918552 6.195 61 4 
3.628 2.493 1.455274769 -3.43E-14 62 5 
2.624 1.868 1.404710921 -1.291 63 6 
2.016 1.494 1.34939759 5.05 63 6 
3.13 2.512 1.246019108 15.711 64 7 
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2.163 1.646 1.314094775 -6.111 65 8 
2.501 1.709 1.463428906 6.332 65 8 
2.593 1.744 1.486811927 -2.762 Avg = 57  
1.648 1.112 1.482014388 11.292   
2.779 1.764 1.575396825 3.155   
1.911 1.249 1.530024019 -2.892   
3.396 2.457 1.382173382 2.39   
1.664 1.198 1.388981636 -1.898   
3.045 2.18 1.396788991 17.596   
3.809 2.854 1.33461808 8.469   
3.452 2.226 1.550763702 4.65   
2.543 1.653 1.538415003 -1.883   
3.118 1.976 1.577935223 2.478   
2.219 1.363 1.628026412 4.302   
3.331 2.306 1.444492628 6.444   
2.427 1.887 1.286168521 19.439   
3.679 2.773 1.326721962 0   
1.882 1.296 1.452160494 0   
2.388 1.591 1.500942803 -19.506   
1.791 1.066 1.68011257 0   
5.293 3.019 1.753229546 7.173   
2.06 1.332 1.546546547 5.497   
1.48 1.032 1.434108527 5.211   
2.323 1.52 1.528289474 -18.607   
1.696 1.169 1.45081266 -0.86   
2.824 2.053 1.375547979 11.951   
2.645 1.651 1.602059358 0   
1.751 1.242 1.409822866 1.518   
3.207 1.793 1.788622421 -10.654   
3.308 2.431 1.36075689 -2.409   
2.754 1.841 1.495926127 -6.413   
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Sample 7 – Photograph and Data 
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
70 1.489 1.508 -1.2859 33.113 26 
     # Int Lin 
     26 
Long Short Rf Φ Raw Int Lin Avg Int Lin = 0 
23.499 14.85 1.582424242 0.508 -24 -12 
16.362 10.155 1.611225997 2.596 -24 -12 
5.404 2.904 1.860881543 0.176 -21 -9 
7.185 4.349 1.652103932 -3.484 -19 -7 
7.149 4.265 1.676201641 3.107 -19 -7 
6.678 3.763 1.774647887 -7.039 -17 -5 
6.227 3.639 1.711184391 -9.79 -17 -5 
4.871 3.085 1.578930308 -3.887 -15 -3 
5.691 3.694 1.540606389 -9.575 -15 -3 
4.281 2.478 1.727602906 -3.216 -15 -3 
3.523 2.102 1.676022835 -4.559 -13 -1 
3.14 1.872 1.677350427 -5.242 -13 -1 
4.024 2.588 1.554868624 4.162 -13 -1 
5.867 3.541 1.656876589 3.15 -12 0 
3.648 2.321 1.571736321 1.148 -12 0 
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2.689 1.899 1.416008425 -9.804 -11 1 
5.54 3.777 1.466772571 -7.654 -8 4 
6.452 4.027 1.60218525 -10.15 -8 4 
4.9 2.908 1.685006878 -3.188 -7 5 
12.759 7.902 1.614654518 -1.531 -7 5 
5.237 3.376 1.551244076 -2.499 -7 5 
2.464 1.551 1.588652482 0 -6 6 
3.19 2.256 1.414007092 -8.759 -5 7 
4.904 3.443 1.424339239 -6.162 0 12 
4.817 3.09 1.558899676 6.882 2 14 
5 3.157 1.583782072 0 2 14 
3.84 2.488 1.54340836 -4.508 Avg = -12  
4.703 3.264 1.440870098 1.149   
4.612 3.134 1.471601787 -2.381   
3.78 2.893 1.306602143 -13.045   
5.6 3.876 1.444788442 0.781   
2.654 1.816 1.461453744 0   
6.334 4.553 1.391170657 0.812   
3.228 2.146 1.504193849 -1.044   
4.434 3.781 1.172705633 -6.132   
4.416 2.79 1.582795699 2.009   
3.746 2.953 1.268540467 -3.639   
2.766 1.918 1.442127216 -3.293   
3.913 2.956 1.323748309 -4.115   
3.719 2.297 1.61906835 1.873   
10.497 7.537 1.392729203 -0.729   
4.594 2.843 1.615898699 3.883   
4.188 3.751 1.116502266 -9.249   
4.638 4.139 1.120560522 -4.282   
5.01 3.475 1.441726619 8.831   
4.313 2.717 1.587412587 3.459   
3.774 2.178 1.732782369 -1.815   
2.437 1.691 1.441159077 -2.463   
4.925 3.275 1.503816794 3.374   
3.934 2.908 1.352819807 -1.689   
7.081 4.372 1.619624886 0.173   
5.891 3.898 1.51128784 -3.817   
3.291 2.187 1.504801097 -10.709   
6.325 4.181 1.512795982 10.232   
3.072 2.144 1.432835821 3.194   
2.738 1.741 1.572659391 6.301   
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2.879 1.921 1.498698594 -1.178   
5.208 3.872 1.345041322 15.948   
4.368 3.648 1.197368421 8.701   
3.318 2.072 1.601351351 1.759   
1.588 1.044 1.521072797 -0.842   
25.734 16.904 1.522361571 -0.499   
1.615 1.059 1.525023607 -3.843   
6.517 4.369 1.491645686 -17.165   
6.451 4.632 1.392702936 2.378   
3.564 2.551 1.397099177 -0.308   
2.886 1.944 1.484567901 0.095   
4.203 2.958 1.420892495 -0.63   
6.665 4.499 1.48144032 6.575   
2.341 1.569 1.492033142 0.712   
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Sample 8 – Photograph and Data 
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
15 1.561 1.568 -0.3469 8.52 20 
     # Int Lin 
     35 
Long Short Rf Φ Raw Int Lin Avg Int Lin = 0 
6.578 4.317 1.52374334 0 20 -11 
10.312 6.969 1.479695796 4.58 20 -11 
9.15 6.515 1.404451266 -3.94 21 -10 
7.04 4.261 1.652194321 1.53 22 -9 
7.399 4.847 1.526511244 0.11 24 -7 
2.701 1.83 1.475956284 -0.67 25 -6 
3.702 2.345 1.578678038 -2.59 25 -6 
7.301 4.838 1.509094667 -4 28 -3 
7.303 4.985 1.464994985 3.81 28 -3 
3.25 1.801 1.804553026 -0.12 28 -3 
6.577 4.079 1.612405001 0.75 28 -3 
3.084 2.077 1.484833895 -0.68 28 -3 
1.715 1.069 1.604303087 -3.44 29 -2 
6.497 3.69 1.760704607 -0.59 29 -2 
3.002 1.841 1.630635524 0.06 29 -2 
    29 -2 
    30 -1 
    30 -1 
	   72	  
    30 -1 
    31 0 
    32 1 
    34 3 
    35 4 
    35 4 
    35 4 
    35 4 
    35 4 
    35 4 
    35 4 
    36 5 
    36 5 
    37 6 
    37 6 
    38 7 
    40 9 
    Avg = 31  
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Sample 9 – Photograph and Data 
 
 
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
24 1.673 1.690 0.7539 15.502 15 
     # Int Lin 
     38 
Long Short Rf Φ Raw Int Lin Avg Int Lin = 0 
7.431 4.824 1.540422886 -5.456 10 -7 
7.062 4.724 1.49491956 0.01 11 -6 
6.697 3.787 1.768418273 -0.009 11 -6 
6.732 3.816 1.764150943 5.855 12 -5 
5.904 3.344 1.765550239 -1.596 12 -5 
7.577 4.299 1.762502908 1.384 12 -5 
9.162 5.671 1.61558808 7.836 12 -5 
8.813 5.103 1.72702332 2.332 13 -4 
7.937 4.145 1.914837153 -1.903 13 -4 
6.52 4.213 1.54759079 -3.191 14 -3 
6.969 4.217 1.652596633 -2.748 14 -3 
6.077 3.798 1.600052659 0.708 14 -3 
7 4.448 1.573741007 -6.518 15 -2 
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6.972 4.424 1.575949367 2.313 15 -2 
5.552 3.323 1.670779416 -1.043 15 -2 
4.485 2.734 1.640453548 -1.41 15 -2 
9.343 5.614 1.664232276 0.962 15 -2 
6.647 3.847 1.727839875 -2.836 16 -1 
8.648 5.114 1.691044192 0.633 16 -1 
5.749 2.456 2.340798046 0 16 -1 
5.872 3.69 1.591327913 11.09 16 -1 
8.627 5.418 1.592284976 8.984 17 0 
6.076 3.857 1.575317604 -1.798 17 0 
6.541 3.703 1.766405617 4.773 17 0 
    17 0 
    18 1 
    19 2 
    20 3 
    20 3 
    20 3 
    20 3 
    21 4 
    21 4 
    21 4 
    22 5 
    22 5 
    22 5 
    24 7 
    25 8 
    Avg = 17  
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Sample 10 – Photograph and Data 
 
 
 
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
20 1.755 1.769 -2.6028 19.87 11 
     # Int Lin 
     48 
Top 
Long 
Top 
Short 
Top 
Rf 
Top 
Φ 
Top 
Raw Int Lin 
Top 
Avg Int Lin = 0 
9.706 5.829 1.665122663 -13.774 130 -5 
9.104 5.053 1.801701959 -4.454 130 -5 
7.003 3.886 1.802110139 -5.441 131 -4 
7.001 3.891 1.799280391 1.388 132 -3 
4.117 2.09 1.969856459 1.938 132 -3 
9.751 5.706 1.708902909 -3.908 133 -2 
9.646 5.648 1.70786119 0.473 133 -2 
4.532 2.647 1.712126936 0.854 133 -2 
2.175 1.286 1.691290824 -6.415 134 -1 
    134 -1 
    134 -1 
    135 0 
    135 0 
    136 1 
    136 1 
    137 2 
    137 2 
    137 2 
    137 2 
    138 3 
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    138 3 
    139 4 
    Avg = 135  
Bottom 
Long 
Bottom 
Short 
Bottom 
Rf 
Bottom 
Φ 
Bottom 
Raw Int Lin 
Bottom 
Avg Int Lin = 0 
7.682 4.192 1.832538168 -3.445 122 -4 
4.761 2.602 1.829746349 -4.302 122 -4 
6.348 3.41 1.861583578 -3.785 122 -4 
1.904 1.021 1.864838394 -2.94 123 -3 
4.813 2.989 1.610237538 -3.388 123 -3 
7.01 3.94 1.779187817 -0.269 123 -3 
2.432 1.482 1.641025641 -2.097 123 -3 
3.455 1.832 1.885917031 0.257 123 -3 
3.424 2.062 1.660523763 -5.63 124 -2 
5.667 2.899 1.954812004 -3.333 124 -2 
3.292 2.056 1.601167315 6.096 124 -2 
    125 -1 
    125 -1 
    126 0 
    126 0 
    127 1 
    127 1 
    128 2 
    129 3 
    129 3 
    130 4 
    130 4 
    130 4 
    130 4 
    130 4 
    131 5 
    132 6 
    Avg = 126  
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Sample 11 – Photograph and Data 
 
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
33 1.863 1.885 -0.86 21.451 15 
     # Int Lin 
     38 
Long Short Rf Φ Raw Int Lin Avg Int Lin = 0 
8.686 4.11 2.113381995 0.877 87 -7 
7.021 3.286 2.136640292 0.98 88 -6 
5.553 2.576 2.155667702 0 89 -5 
7.356 3.825 1.923137255 -1.77 90 -4 
6.469 3.44 1.880523256 0 91 -3 
5.698 3.131 1.819865858 -2.103 91 -3 
5.567 3.014 1.847047113 -0.97 92 -2 
6.042 3.289 1.837032533 -5.484 92 -2 
9.448 4.942 1.911776609 -7.508 92 -2 
8.128 4.008 2.027944112 -1.645 92 -2 
10.245 4.22 2.427725118 -1.181 93 -1 
6.006 3.203 1.875117078 2.246 93 -1 
6.793 4.001 1.697825544 1.041 93 -1 
9.256 5.024 1.842356688 -1.427 94 0 
7.246 3.7 1.958378378 1.877 94 0 
4.178 2.329 1.793902963 3.324 94 0 
3.916 2.193 1.785681715 1.294 95 1 
6.343 3.665 1.730695771 3.04 95 1 
5.487 3.127 1.754716981 0.01 95 1 
7.859 4.041 1.94481564 -0.417 96 2 
4.977 2.71 1.836531365 -5.016 99 5 
7.142 3.852 1.854101765 2.642 99 5 
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6.98 3.619 1.928709588 8.678 100 6 
5.708 3.21 1.778193146 -12.773 102 8 
4.514 2.641 1.70920106 -3.125 Avg = 94  
6.453 3.821 1.688824915 -0.611   
7.43 4.344 1.710405157 -7.99   
6.959 4.262 1.632801502 0   
5.652 3.042 1.857988166 3.582   
11.792 5.055 2.332739862 4.268   
5.936 3.05 1.946229508 -2.191   
4.349 2.583 1.683701123 -5.06   
6.361 3.573 1.780296669 -3.225   
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Sample 12 – Photograph and Data  
 
# Data Rs Mean Rf Mean Φ FΦ FInt Lin 
17 1.932 1.953 0.7924 8.291 10 
     # Int Lin 
     38 
Long Short Rf Φ Raw Int Lin Avg Int Lin = 0 
9.269 4.301 2.155080214 -1.095 11 -5 
8.046 4.058 1.982750123 -4.717 11 -5 
8.349 4.35 1.919310345 2.627 11 -5 
9.042 4.075 2.218895706 -1.164 13 -3 
7.096 3.128 2.268542199 0.197 15 -1 
5.837 3.037 1.921962463 1.004 15 -1 
7.436 3.896 1.90862423 0.074 15 -1 
6.19 3.004 2.060585885 2.968 15 -1 
7.789 4.241 1.836595143 3.547 16 0 
5.164 2.744 1.881924198 6.09 16 0 
5.489 2.966 1.850640593 3.44 16 0 
5.324 3.105 1.714653784 -2.68 17 1 
6.885 2.745 2.508196721 -4.705 17 1 
6.63 4.08 1.625 0.997 17 1 
5.834 3.444 1.693960511 1 18 2 
7.552 3.938 1.917724733 3.574 18 2 
5.379 3.096 1.737403101 2.281 18 2 
    18 2 
    19 3 
    21 5 
    Avg = 16  
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Correlation Data 
FInt Lin Rs COT (FInt Lin) ln (COT (FInt Lin)) ln (Rs) 
29 1.326 1.804047755 0.590032893 0.282166892 
26 1.39 2.050303842 0.717987998 0.329303747 
33 1.398 1.539864964 0.431694727 0.335042644 
23 1.448 2.355852366 0.856902601 0.370183294 
23 1.458 2.355852366 0.856902601 0.377065634 
19 1.465 2.904210878 1.066161711 0.381855242 
26 1.489 2.050303842 0.717987998 0.398104754 
20 1.561 2.747477419 1.010683189 0.445326642 
15 1.673 3.732050808 1.316957897 0.514618422 
11 1.755 5.144554016 1.637938683 0.562468857 
15 1.863 3.732050808 1.316957897 0.622188092 
10 1.932 5.67128182 1.735415163 0.658555736 
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Archaeognathan Body Imprints (YPM236969-72) – Data 
Raw Int Lin Avg Int Lin = 0 Correlation equation:       y = 0.2735 x + 0.1604 
25 -10 FInt Lin COT (FInt Lin) ln (COT (FInt Lin)) y= ln (Rs) Rs 
26 -9 17 3.270852618 1.185050691 0.484511364 1.62 
29 -6      
29 -6      
30 -5      
30 -5      
30 -5      
32 -3      
33 -2      
35 0      
36 1      
36 1      
36 1      
36 1      
36 1      
37 2      
37 2      
38 3      
38 3      
39 4      
40 5      
40 5      
41 6      
42 7      
42 7      
Avg = 35       
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Archaeognathan Body Imprint (YPM227991) – Data 
Raw Int Lin  Avg Int Lin = 0 Correlation equation:       y = 0.2735 x + 0.1604 
64 -9 FInt Lin COT (FInt Lin) ln (COT (FInt Lin)) y= ln(Rs) Rs 
66 -7 16 3.487414444 1.249160615 0.502045428 1.65 
66 -7      
67 -6      
69 -4      
69 -4      
69 -4      
70 -3      
70 -3      
70 -3      
72 -1      
73 0      
74 1      
74 1      
75 2      
75 2      
75 2      
75 2      
76 3      
76 3      
76 3      
78 5      
79 6      
79 6      
79 6      
80 7      
Avg = 73       
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Amphibian Trackway (Figure 8) – Data 
Raw Int Lin Avg Int Lin = 0 Correlation equation:       y = 0.2735 x + 0.1604 
34 -8 FInt Lin COT (FInt Lin) ln (COT (FInt Lin)) y= ln(Rs) Rs 
34 -8 14 4.010780934 1.388985969 0.540287662 1.72 
38 -4      
39 -3      
39 -3      
39 -3      
39 -3      
39 -3      
40 -2      
40 -2      
40 -2      
40 -2      
41 -1      
41 -1      
42 0      
42 0      
42 0      
42 0      
43 1      
43 1      
44 2      
44 2      
44 2      
44 2      
45 3      
45 3      
45 3      
46 4      
46 4      
46 4      
46 4      
47 5      
47 5      
48 6      
Avg = 42       
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Amphibian Trackway (Figure 9) – Data 
Raw Int Lin Avg Int Lin = 0 Correlation equation:       y = 0.2735 x + 0.1604 
76 -13 FInt Lin COT (FInt Lin) ln (COT (FInt Lin)) y= ln(Rs) Rs 
77 -12 28 1.880726465 0.63165812 0.333158496 1.40 
79 -10      
79 -10      
80 -9      
81 -8      
82 -7      
82 -7      
83 -6      
83 -6      
84 -5      
84 -5      
85 -4      
85 -4      
86 -3      
86 -3      
87 -2      
87 -2      
87 -2      
88 -1      
88 -1      
88 -1      
89 0      
90 1      
90 1      
90 1      
91 2      
91 2      
92 3      
93 4      
93 4      
93 4      
95 6      
96 7      
97 8      
99 10      
100 11      
101 12      
103 14      
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104 15      
Avg = 89       
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Amphibian Trackway (Figure 10) – Data 
Raw Int Lin Avg Int Lin = 0 Correlation equation:       y = 0.2735 x + 0.1604 
28 -9 FInt Lin COT (FInt Lin) ln (COT (FInt Lin)) y= ln(Rs) Rs 
29 -8 21 2.605089065 0.957466865 0.422267187 1.53 
29 -8      
30 -7      
31 -6      
32 -5      
32 -5      
32 -5      
33 -4      
33 -4      
33 -4      
33 -4      
33 -4      
35 -2      
35 -2      
35 -2      
36 -1      
36 -1      
36 -1      
36 -1      
37 0      
37 0      
38 1      
38 1      
41 4      
41 4      
42 5      
43 6      
43 6      
43 6      
44 7      
45 8      
48 11      
49 12      
Avg = 37       
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Field Data 
 
Quarry - Plainville, MA dec: 345  
Site 1 
S0 horizontal 
Line on S0 surface 
Veins // to fracture 
  
  
  
Sample 11-MA-1 Fracture surface 
346 ,79 E 
Int Lin 
247 
S0 in lab 
???, 03 E 
Int Lin in lab 
228 
Sample 11-MA-2 Fracture surface 
209, 80 W 
Int Lin 
250 
Site 2 
S0 horizontal S1 
214, 58 W 
204, 53 W 
209, 59 W 
 
 
 
 
Sample 11-MA-3 marked on 
bottom 
S1? 
226, 50 W 
 
 
Sample 11-MA-4 marked on 
bottom 
S1 
202, 48 W 
 
 
Site 3 
Near garbage 
S0 dips S - looking 230 
Wall trends 320-140 
Veins // to S0 
S0 
065, 37 S 
063, 35 S 
076, 40 S 
072, 40 S 
067, 37 S 
 
 
 
 
 
 
Faults 
HUGE normal faults 030-035 
Plain surface 
Thrust faults in lower quarry 
Mineralized surface 
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Telford Park - Plainville, MA dec: 346  
N 42° 00.356',W 071° 20.564'  
Outcrop 1   
S0 vert? to N S0 
246, 89 N 
228, 82 N 
238, 88 N 
246, 85 N 
252, 79 N 
249, 75 N 
Veins 
131, 45 S 
133, 49 S 
 
 
 
 
Sample TP1 marked on  
bottom - in 2 pieces 
S0 
245, 85 N 
 
 
Outcrop 2  
 S0 
249, 80 N 
250, 87 N 
S1? 
262, 59 N 
Sample TP2 marked on 
top - in 2 pieces 
S0 
244, 85 N 
S1? 
268, 60 N 
Outcrop 3  
 S0 
238, 90 N 
 
 
Outcrop 4  
 S0 
241, 86 N 
244, 85 N 
Veins 
134, 28 S 
164, 13 W 
163, 26 W 
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Thin Section Data 
 Thin sections were produced from cuts made perpendicular to the mean 
orientation of the bedding-cleavage intersection lineation on the lowest-strain (sample 1), 
highest-strain (sample 12) and intermediate-strain (sample 7) raindrop-imprints—bearing 
samples. These thin sections were analyzed for their grain sizes and angles between 
bedding and cleavage.  The angle data for the intermediate-strain condition are given 
below.  The lowest-strain and highest-strain conditions were briefly analyzed to make a 
comparison between each other and to the intermediate-strain condition.   
S1 raindrop 
imprint layer 
S1 elsewhere S0 All S1 
345 345 38 345 336 
346 338 50 346 345 
349 349 42 349 346 
355 336 44 355 341 
352 345 43 352 346 
349 346 41 349 343 
343 341 41 343 347 
344 346 37 344 341 
348 343 43 348 336 
344 347 38 344 340 
350 341 41 350 334 
347 336 41 347 335 
338 340 45 338 338 
339 334 42 339 342 
342 335 40 342 342 
348 338 43 348 332 
345 342 41 345 347 
340 342 43 340 343.5 
344 332 38 344 from 0° 
16.5 349 347 54 349 
345.85 341.15 42.25 345 angle from S0 
58.75 from 0° 
14.15 
from 0° 
18.85 
from 0° 
42.25 
338 
349  
angle from S0 
56.4 
angle from S0 
61.1 
angle from S0 
0 
  
  	  
